Abstract
In this paper, fatigue life of a cracked railway wheel under thermomechanical loads is studied. For this purpose a FE model of a wheel, with two brake shoes and a portion of rail is created and suitable loads and boundary conditions are applied to the model. It is assumed that the wheel has contained an elliptical crack in the definite depth of the tread surface and thermalloads are determined by modeling the contact of the rail-wheel and two brake blocks. In order to investigate the thermalloads effect on the fatigue life of the cracked wheel, analyses areperformed in two cases: mechanical analysis and thermo-mechanical analysis; while difference between them, shows thermal load effects and its importance. In this work the wheel rotation on rail is modeled and a 3D FE model for determination of rail-wheel contact pressure is used while in many of the previous investigations, either rolling wasn't modeled or its effect was simplified as a translating pressure distribution along the rail-wheel contact region and also the Hertz contact theory had used for determination of contact pressure in wheel-rail interface. Finally, effects of angular velocity on fatigue life of a cracked wheel under -mechanical and mechanical loads are shown. The obtained results confirm the important influences of thermal loads on the wheel fatigue life in all mentioned cases that are studied in this article.
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Thermal load effects on fatigue life of a cracked railway wheel
INTRODUCTION
Increasing demands for transporting Commodities and passengers cause a rapid advance in transportation industry and railway vehicles are not excluded from this progress. High speed trains are built and used in many countries; while with any progression in rail vehicles, importance of some problems such as safety and comfort increases. One of the most critical components of railway vehicles are wheels since the wheel failure may result in derailment; therefore an exact design, scrutiny on wheel fatigue problem and knowing effective parameters on their life, can improve the life of whole structure. Because of repeating nature of applied loads to wheels, fatigue damage is a very common damage mechanism which can appears in various modes such as: nucleation and growth of fatigue cracks, spalling, shelling, and so forth. Although the main sources of these phenomena are rolling contact loads, thermal loads between wheel-rail and wheel-brake block, created in braking stage, presence of structural defects in wheel material and so forth; they may not be omitted in a precise design. What is more increasing of speed aggravates these factors and augmenting the thermal fatigue problem of wheels. Ekberg and Kabo (2005) present an overview of rolling contact fatigue phenomena occurring at wheels and railsand demonstrate some differences of RCF with classic fatigue analysis. Hossein Tehrani and Saket (2009) studied the fatigue crack initiation life of railroad wheels but effects of thermal and mechanical loads of braking were ignored and rolling of wheel was not modeled. Haidari and Hosseini Tehrani (2014) researched on the fatigue of railway wheels under combined thermal and mechanical loads but in their paper the crack was not modeled and fracture life of wheel wasn't studied. Considering the high importance of service loads on the fatigue occurrence in wheels, it is necessary to mention all loads applied to the wheel, such as, in addition to mechanical loads, thermal loads created at braking stage should be considered Wanming et al., 2009) ; in other words, for obtaining a reliable life of crack propagation in a railway wheel and prediction of cracked wheel behavior under service loads, a thermo-mechanical analysis should be performed. For a wheel with a very shallow crack, effect of combined thermal and mechanical loads on the growth of existing crack is very significant (Huang and Ju 1985) . Therefore, for a precise fatigue analysis, effects of both thermal and mechanical loads should be considered. Some recent researches on the braking thermal stresses and crack analysis and assumptions used are as follow: Guagliano and Vergani (2005) , used a semi-analytical approach for analysis of internal cracks in railway wheels. Lansler and Kabo (2005) , proposed a 2D FE model to get the face displacement of internal cracks in wheels. Liu et al. (2007) using the computational finite element method, calculated the history of stress intensity factor of the 3D rail-wheel contact stress. Feng et al. (2006) studied the growth behavior of subsurface cracks under different load paths and concluded that the models based on strain energy release rate cannot embrace this effect and a mixed mode crack growth model is necessary. Yevtushenko and Kuciej (2010) proposed an analytical solution for determination of temperature and thermal stresses in the pad-disc contact area and thermal cracks in this region is studied by Mackin et al. (2002) . Gallardo-Hernandez et al. (2006) used the twin-disc test approach for studying abrasion and rolling contact fatigue of wheels and obtained temperature of each disc (which are corresponding to rail and wheel) by a thermocamera. Peng et al. (2012) provided a prediction of the crack growth due to cyclic braking loads, mechanical loads and residual stresses due to manufacturing process in the railway wheels. They used a 3D non-linear FE model to calculate thermal stress of the wheel; but in their work, blocks were not been modeled and average brake power was applied to the tread region of the wheel uniformly, therefore effects of local heating of wheel were not considered. In despite of relatively high number of works done on the fatigue problem of railway wheels, combined effects of thermal and mechanical loads in a cracked wheel is rarely investigated and in the most of existing papers, some assumption are considered which reduce reliability and accuracy of obtained results.
In this paper, it is tried to improve the previous works by the means of modeling rail and brake blocks instead of using assumptions about effects of these parts and their applied loads to the wheel. Besides, wheel rotation on the rail is modeled and a 3D FE model for determination of rail-wheel contact pressure is used, while in many of the previous investigations, either rolling isn't modeled or its effect is simplified as a translating pressure distribution along the rail-wheel contact region and the Hertz contact theory is used for determination of contact pressure in wheel-rail interface.
FE ANALYSIS OF RAIL, WHEEL AND BRAKE BLOCKS

Thermal and mechanical loads
Rolling contact loads in the rail-wheel contact region, however, create the greatest mechanical stress fields; other mechanical loads such as friction force between rail and wheel, brake pressure and so forth affect mechanical stress fields of the wheel. In many of previous works, effects of these forces were ignored; but in this article, for having the reliable model, the shear stresses due to rail-wheel friction force are considered. In addition, as another mechanical load, the brake pressure which compresses the brake shoes to the wheel tread surface in braking stage is considered. Thermal loads created in braking step also are applied to the model in order to obtain the most accurate responses and as mentioned previously, instead of Hertzian contact theory, a 3D FE method is used for modeling of rail-wheel contact process.
Thermal and mechanical analysis
To get the thermal stress fields, the temperature rise due to braking should be obtained and for this reason, it is assumed that the whole of frictional energy created at wheel-blocks contact area (brake power) converts to heat and this heat, distributes among rail, wheel and brake blocks proportional to their conductivity, initial temperature, heated area and so forth. Hence for determining temperature rise of these components; it is necessary to define a parameter as the heat partition factor, which describes what portion of heat generated in contact region of two bodies, is transferred to each of them. This quantity in the rail-wheel and wheel-block contact area, is defined by  and  , respectively (  and  are representatives of fraction of generated heat transferred to the wheel). The analytical analysis of heat partition factors are derived assuming onedimensional heat conduction in the bodies that the two bodies have equal temperature at contact. Analytical calculation for heat partitioning can be found in Vernersson (2007) . At the beginning of Wheel sliding on the rail, heat partition factor between rail and wheel (  ) is equal to 0.5; this is due to considering the same physical and thermal properties for the wheel and rail. By increasing the slip time, this factor reduces, which means that the most of heat generated due to slip is transferred to rail.
The reason for this reduction can be basedon the fact that during rotation of the wheel on the rail, a new rail surface is always subjected to the high temperature wheel Surface; therefore the rail surface should absorb this generated heat until attained to the wheel temperature. As mentioned, in the beginning of sliding,  is equal to 0.5 (transient state) and after some times it reaches a constant value (steady state). In this task, transient termal analysis is done, and   0.5 is applied to the model. For the wheel-block contact, the following equation may be used to determine "  ".
In which w A and b A are the areas which are swept by the contact ( w A is the wheel circumference multiplied by the block width). The length and width of blocks are considered 250 and 100 mm respectively. Thermal parameters used for wheel, rail and blocks are as follows:
Which r , w and b are the symbols for rail, wheel and block respectively also p C , k , a , and K refer to specific heat, thermal diffusivity, thermal expansion and coefficient of thermal conductivity respectively. Here the value of  according to mechanical and thermal properties of blocks and wheel is approximately equal to 0.9 (Vernersson, 2007) .
These mensioned heat partition factors are used to model the contact of rail-wheel and wheelblock in Abaqus software.
In this article, unlike the most previous researches done for determining temperature rise due to braking, the effect of convectional cooling is considered which due to rotation of wheel and high speed of air flow around it, convection factor of h  100 W/m 2o C is considered. As had indicated by Ramanan et al. (1999) , temperature-independent material model does not change the results appreciably in comparison to temperature-dependent material model and hence the first model (the temperature independent model) is used.
The brake block configuration used in this article is: 2Bg (two blocks per two holders) and is shown in Figure 1 . 
Fatigue crack growth life prediction
Based on Association of American Railroad (AAR) investigation on the three types of railway wheels used in passenger trains, the rate of initiation and growth of thermal cracks in these Latin American Journal of Solids and Structures 12 (2015) 1144-1157 wheels is very high and the rail-wheel contact band is exposed to the higher possibility of thermal cracks initiation compared with the other areas (Grundy 1994) . Fracture toughness ( IC K ) which is a parameter describes resistance of a material against the unstable crack growth, may be obtained by test and used for determination of critical crack size ( c a ) in wheel. From existing field observations, subsurface crack in wheel, usually occurs at depth of 5-10 mm with about 20 o inclination. On the other hand, based on experimental observations and also temperature fields obtained from the presented FE model, the thermal loads of braking only are limited to a narrow layer of tread surface and by increasing the depth, the importance of thermal stress fields reduces and in the depth of 6% of wheel diameter, thermal load effects can be neglected (Tudor and Khonsari, 2006) . Therefore the most critical case for a cracked railway wheel, occurs when the crack has a small depth so that the both mechanical and thermal stress, affect growth of it. In the current study, the subsurface crack is assumed to be 6 mm below the tread surface with an inclination angle of 20 o . As it is shown in Figure 2 , the 20 o inclination is the angle between the minor axis of the crack and the YZ-plane. The wheel model used in this article, contained an elliptical crack with semi-axis length of a  5 mm and b  7.5 mm, which is embedded in a plane with 20 degrees inclination with horizontal plane (parallel to the wheel-rail contact plane) in depth of 6 mm from tread surface.The vertical load applied on the wheel is assumed to be the maximum design load, which is considered equal to 146.2 kN. The wheel boundary conditions, as it is shown in Figure 2 , is free rotation about "y" axis with angular velocity of 50 rad/s and translations along the "x" axis. Other movments are considered to be fixed. All of these BCs are applied to a reference point considered at the wheel center where the axle load is applied. The element type used in this paper for all parts (rail, Wheel and brake shoes) is an 8-node thermally coupled brick, trilinear displacement and temperature (C3D8T). Besides a contour-integral based method which is readily available in Abaqus is used for crack modeling and to produce a square root singularity of stress field, singular (quarter point) elements are used in the first ring of elements surrounding the crack front. Used database model is Standard/Explicit Model and Standard Server Benchmarks.
Since crack propagation is controlled by the stress field near the crack tip, accurate calculation of tress intensity factor plays an essential role in fracture mechanics. In this paper the stress intensity factor is evaluated directly based on displacement discontinuities using a threedimensional finite element model. By knowing the crack tip element displacements, for fixed crack dimensions, the Mode I, Mode II and Mode III stress intensity factors (KI, KII and KIII) can be directly calculated using Equations 2, 3 and 4 (Sheibani and Olson, 2013) .
Where" E " is modulus of elasticity, "  " is Poisson's ratio, " P " is crack tip element length perpendicular to crack front, " n D " is the opening displacement discontinuity of crack tip element, " s D " is shear displacement discontinuity perpendicular to " n D " and the crack front, " t D " is front-parallel displacement discontinuity ( Figure 3 ) and "C " is an empirically determined constant that accounts for the discrepancy between the numerical approximation and the analytical solution. In this paper C  0.806 is used (Sheibani and Olson, 2013) . Liu et al. (2007) developed a mixed-mode fatigue crack threshold criterion considering multiaxial fatigue limit criteria and the Kitagawa-Takahashi diagram. According to Liu et al., the mixedmode fatigue crack threshold criterion may be used for fatigue crack propagation analysis. They expressed the general crack propagation as equation (5).
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In this equation, material parameter "s " is related to the material ductility and effects of the critical plane orientation and describes as the ratio of mode II and mode I stress intensity factors under a specific crack growth rate. In this work the amount of "s " for railway wheel is assumed to be 0.6. The superscript " H " indicates the hydrostatic stress related term. " A " and " B " are material parameters that are listed in Table 1 .
Material property
2 2 2 4 4 1 3 5 1 4 cos 2 2 5 1 4 Table 1 : Material parameters for fatigue crack propagation prediction (Liu et al., 2007) After determination of critical crack size ( c a ) and stress intensity factors for modes I, II and III, The general crack propagation function may be expressed as:
Where d d a N is the crack growth rate, eff K  is the effective stress intensity factor range for mixed-mode loading, R is the stress ratio and finally C , m and  are material parameters. For the data reported by Kuna et al. (2005) , C , m and  are determined byregression analysis as 5.8*10 -9 , 2.95 and 1, respectively. The subsurface crack propagation studied in this paper is shear dominated (mode II and mode III) because the normal stress is compressive and therefore crack growth doesn't occur in mode I. The mode II and III stress intensity factors (SIF) histories of crack tip at the major axis (points 1 in Figure 4 ) during one revolution of the wheel for the initial crack lengths ( a  5 mm, b  7.5 mm) are obtained from mechanical and thermo-mechanical analyses and are shown in Figure 5 . In Figure 6 the stress intensity factor values of presented mechanical analysis are compared to results of Liu et al. (2007) and an acceptable accordance may be seen. In presented mixed-mode crack growth mode, all SIFs for different modes are combined using equation (5), while calculated equivalent SIF may be correlated to material's mode I crack growth curve for life prediction. For mode II and mode III SIFs, their stress ratio is either 0 or a finite negative value close to -1 depending on their locations Thus, the stress ratio of transformed equivalent SIF is also in the range of 0 and a finite negative value. In this paper this parameter is close to 0 and therefore R  0 is applied in equation (6). Equation (6) can be written as a separable statement and the number of required cycles for initial crack in wheel to attain the critical size may be obtained as:
Where F  is the applied vertical loading range and   Y a is a geometry function considering the effect of crack configuration and boundary conditions, that is calculated using the finite element results through incremental crack growth. In this work, the considered value of IC K for railway wheel is 85 MPa m (Strnadel and Hausild, 2008) .
RESULTS AND DISCUSSION
Finite Element Model of Wheel -Rail -Brake blocks system
To built a realistic model and obtain the more accurate stress fields of wheel, a 3D elasto-plastic finite element model is used. This model should be able to accurately calculate the 3D state of stresses in the contact region of rail-wheel and wheel-blocks as well as includes material nonlinearity. In this research, Abaqus 6.10 is used for these purposes.
To obtain the mechanical stress fields and also thermal stresses created at braking stage, two cast iron brake blocks and a wheel, which rotates on a portion of a rail with length of 600mm, are modeled. The length of modeled rail is equal to distance between two sleepers and boundary conditions at its cutting edges are fixed. Previous studies on the mechanical loads of railway wheels, show that nucleation and growth of cracks (sub-surface cracks) often occur in the depth of 5-10 mm. On the other hand, based on experimental observations and also temperature fields obtained from presented FE model, the thermal loads of braking are limited to a narrow layer of tread surface and by increasing the depth, the importance of thermal stress fields reduces and in the depth of 6% of wheel diameter, thermal load effects may be neglected (Tudor and Khonsari, 2006) . Therefore the most critical case for a cracked railway wheel, occurs when the crack has a small depth so that the both mechanical and thermal stress, may affect its growth. In this study it is assumed that the wheel contained an elliptical crack in the depth of 6mm from tread surface with semi-axis equal to a  5 mm, and b  7.5 mm.
Two steps are used in this analysis: rotation and braking steps. Axle load, rail-wheel contact and rotation of wheel is defined in the rotation step, while in braking step which is defined after rotation step, the brake pressure of 0.7 MPa is applied to each of brake blocks and compress them to the tread surface of the wheel.
Interactions between rail-wheel and brake blocks-wheel is considered as surface to surface contact in Abaqus and in both interactions, the wheel surface is considered as the master surface while the rail and brake blocks surfaces are assumed as the slave surfaces. The rail-wheel interaction is applied at the both rotation and braking steps and the wheel-brake blocks interaction is only applied to the braking step. The friction formulation used is penalty with friction coefficient of 0.3 between rail-wheel and 0.15 between wheel-brake blocks. The normal behavior is considered as "hard contact" and thermal conductance in rail-wheel contact and wheel-blocks contact are 50 and 40 (W/m o C) respectively. The heat partition factors are applied as the fraction of converted heat distributed to slave and master surfaces. For considering the convection effects, a surface film condition interaction is considered for the wheel surface with the film coefficient of 100 (convection factor) in the Abaqus model.
Consideration of both thermal and mechanical loads, necessitates that all elements of model possess both thermal and mechanical DOF and therefore, they are meshed with coupled temperature-displacement elements (C3D8T elements). Due to modeling the wheel rotation, the contact region of wheel is not fixed and thus it is necessary to use relatively fine mesh with equal element size at tread surface of wheel.
A pilot node is considered at the center of wheel that the axle load and all of wheel boundary conditions are applied to this point.
The nominal axle load of 146.2 kN has been considered as the vertical load in this paper. This vertical load transferred to the wheel through axle. The brake pressure is applied to the brake shoes and this pressure via the contact between brake blocks and tread, transmits to the wheel tread and therefore in addition to axle load, the brake power is applied to the wheel tread surface. On the other hand by defining the friction coefficient and slip between rail and wheel, in addition to vertical load, the horizontal loads insert to the wheel tread surface. Generally the stresses experienced by the railway wheel during service are due to vertical axle load, slip and friction forces and thermal braking loads, that all are included in the present study.
The angular velocity of wheel is considered to be 50 rad/s and the material properties of the rail and wheel are assumed to be the same and as follow: Young's modulus 210 MPa, Poisson's ratio 0.3 and rail-wheel friction coefficient 0.3. The linear isotropic hardening model is used in this study. Mechanical and thermal properties of brake blocks are adopted correspond to cast iron blocks and the wheel is made of steel grade R7T with hardness properties that is mentioned in 
Temperature field
During tread braking process the heat generated by frictional forces is distributed either as severe thermal gradients within the near surface or more gradually over the wheel rim and plate, depending on the intensity of the heating source. Block braking of a wagon or a locomotive is performed by pressing the brake block(s) against the tread of the rotating wheel, which also is in rolling contact with the rail (Peng et al., 2013) . In this paper using the rail and brake block modeling, temperature rise due to braking is obtained. In order to account for the dissipation of the thermal heat to the surroundings, a convectional boundary condition is applied to the surface of the wheel. As the wheel rotates, the tread surface is subjected to periodic heating and cooling. The temperature field of tread surface is shown in Figure 7 .
To clarify important effects of braking thermal loads on the stress fields and fatigue life of a cracked wheel, results of thermo-mechanical analysis compared to pure mechanical stress responses of the wheel. For this reason, the calculations of critical crack size ( c a ), stress intensity factors (SIFs) and equivalent stress intensity factor range ( eq K  ), at one stage by considering thermal loads of braking and at the other stage, without considering these thermal loads are obtained. The relatively large difference between results of these two cases, make clear the importance of thermal stresses and shows that ignoring them, get inaccurate and non-conservative results for fatigue life estimation of wheels under considered loading cycles. The obtained crack growth pattern for mechanical and thermo-mechanical analyses are shown in Figure 8 . It may be seen that the numerical prediction of the crack shape agrees well with the field observation. In the early stages, the crack propagation is in an approximately circular configuration, which shows almost equal crack propagation in both minor and major axis directions. Then the crack propagates in an elliptical manner, which is mainly along the major axis direction (track direction).
In Table 3 , the obtained results of mechanical and thermo-mechanical critical crack length and fatigue life of the considered cracked railway wheel rotating at angular velocity of 50 rad/s is shown. Comparison of critical crack sizes of this table shows that with the same initial crack size, fatigue life to crack propagation under thermo-mechanical stress fields is smaller in comparison of the same wheel under only mechanical stress fields. As a result it may be concluded that thermal loads and resultant thermal stresses of braking may have an important role in reduction of fatigue life of cracked wheels, through increasing stress intensity factor range and reducing the critical crack size.
To study the effects of velocity on temperature rise and stress intensity factor, three angular velocities: 50, 75 and 100 rad/s is examined. The results obtained from this study show that the temperature field of wheel is very sensitive to velocity and an increase of this parameter, leads to a high increase of wheel temperature. On the other hand, both mechanical and thermomechanical stress fields of wheel augment due to increase of wheel velocity and therefore at higher velocities, the greaterstress intensity factor components are obtained and therefore, life of wheel reduces. Effects of velocity on the stress intensity factors and temperature of wheel for mentioned velocities are listed in Table 4 . The SIF values of this table are computed for the initial crack lengths (a  5 mm, b  7.5 mm). As can be seen from data of this table, equivalent stress intensity factor obtained from thermo-mechanical analysis is considerably greater than the corresponding value of mechanical analysis which means that the stresses of crack tip may be increased due to thermal loads of braking.Also, from this Temperatures indicated in Table 4 are representative of the maximum temperature of tread wheel during the braking step analysis. For the angular velocity of 100 rad/s, the result obtained from Abaqus thermal analysis is 424.5 o C which is analogical to the thermal image generated by thermo camera in a brake rig experiment (Vernersson and Lunden, 2007) . Also according to Fec (1985) tread surface can reach temperature of 300-400 o C.
CONCLUSION
In this article, fatigue life of a cracked railway wheel under mechanical loads (rolling contact loads, friction forces and brake pressure) and thermal loads (thermal stresses due to temperature rise during braking) using Abaqus software, has been studied and the following results are obtained: 1-The differences between mechanical stresses (and their resultant fatigue life) and thermomechanical stress fields (and their corresponding fatigue crack growth life) demonstrate the non-negligible effect of thermal loads in fatigue investigation of cracked railway wheels. 2-To obtain the reliable results for fatigue life of cracked wheels, braking thermal loads should be considered in the best way and for this reason, the use of 3D FEM, because of considering the local effects of thermal loads that create high stresses and other advantages stated in this article, seems to be one of the best approaches that may be used. 3-Neglecting the effect of braking thermal loads, causes the estimated wheel fatigue crack growth life to be higher than its real value; therefore a non-conservative life prediction may be obtained. 4-Comparing the results of Table 4 for three angular velocities of 50, 75 and 100 rad/s, shows that as the velocity increases, difference between equivalent stress intensity factor from mechanical and thermo-mechanical analyses increases too, so that in angular velocity of 50 rad/s, this difference is about 36%, while in 75 and 100 rad/s, differences between obtained mechanical and thermo-mechanical equivalent stress intensity factor are 37% and 41%, respectively, which imply on this reality that at higher velocities, importance of thermal loads on the fatigue life of the cracked railway wheels, increase and neglecting these thermal loads may lead to a low safety factor of wheel design and also the high possibility of catastrophic failure.
